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Thls report deacrlbes the work done by Thermacore, Inc., ,_ :_"

Pennsylvania, for the Phase II, 1986 SBIE National Aeronautics and Space': _

Administration Contract No. NAS9-17610, "Modular Cold Platea for High Heat _

Fluxes, The work was performed be_een April 1986 and 3uly 1988. "/_i _'_

Th principle objective of the Phase II work was to develop a series

of modular, hi,h-capacity _hermal/mechanical _ounting positions (cold _ii

plates) and the supporting hardware necessary for usa on the Spae_:6 _ _

Station. These cold plates and eupportin_ hard-are ere intended to ;

provide _chanieal supl_rt for Space Station exp_l_nte/equip_ent and to

The high thermal performance of these cold plates and the supporting

hardware was achieved by using heat pipe technology.

Several pieces of hardware were fabricated and tested: three clamp-

on cold plates, two flexible heat pipe cold plates, and _wo thermal bus ,

receptacles. Figure 1 is a sketch of the hardware and Figure 2

illustrates how the hardware interfaces with the thermal bus. Currently,

specific thermal design requirements have not been defined for future

Space Station experiments using cold plates. Therefore, with NASA

Johnson _s concurrence, it was decided that design goal= should be '_

established which represent what is believed to be the state-of-the art

for cold plate performance. The goals established for each of the

fabricated items are listed in Table 1. These design goals wore

established in Task 1 of the Phase II study. _::

Transferring heat by conduction from one solid body _chenically

...... -_l'amped t_ anothersolld body Is hindered by _ho.Ehorw_l. _eeistanco of the --. .....

clamped Joint. Machining tolerances, differential thermal expansion, and

mechanical stress must all be overcome if a successful thermal Joint Is

to be made. This is increasingly difficult with increasing Joint elze.

During Task 2, several interface materials were evaluated to

determine which materials could reduce the thermal resistance between the

mechanically clamped bodies. It was also desirable to be able to

disassemble the bodies easily.
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_ I IndLus fell placed beween the _vo bodLel prior _e elmpLnl
_. _ . tO be an excel-lent the_ _- Interface aate:ia! [or larse are_a Joint|,

low tensile strength o_ the material allows the metal _to fl-oV,
:t

clamped, and fill any imperfections oft he cla_pin8 surfaces. For clamped'_;_...

interfsce.,as .ho In  Is r. • o.oo19 Inch thick Z.di - wa.
demonstrated to have less than l°C temperature drop at 7 _/cm 2 over • ,-_

239 cm z cylindrical Joint clamped at 350 p_i. _ :-_!' :

During the third task of the program, the clamp-on cold plates_

designed during the Phase I effort, were fabricated and tested. A clamp_

on cold plate is • device which can be remotely outfitted with an_-

)eriaent or piece of equipment and then physically clamped onto the

....._ermal _u_. Figure 1 ehow_ • _chematic o_ the clamp-on celd plate. The

_ii:_/_ste heat senerated by the experiment/equipment ie transferred to the

thermal bus working fluid. The advantages o_ thia type of cold plate are

remote outfitting of experiment/equipment, modularity =off the shelf" :,

capabilities, flexibility, and contingency. Three cold plates were

successfully [abricated, tested, and delivered to _ASA JSG.

Task 4 extended the clamp-on cold plate concept to add another degree _'

of freedom to the application of the cold plate technology. A flexible

heat pipe cold plate is a device which can be remotely outfitted with an

experiment or piece of equipment and then physically =plugged in = to •

thermal bus receptacle. Figure i shows a schematic o_ the flexible heat

pipe cold plate. The waste heat generated l,y the experlment/equlpment i_

transferred to the condenser section of the heat pipe that is inserted

into the thermal bus receptacle (see Figure 2). The heat is then 'ii::

conducted across a tapered male-female Joint and transferred to the ':

thermal bus working fluid. The advantages of this type of cold plate are

....... _emo_'e-., outfiet4.'_q_---o£, experinen_/eq_ll:_unt_---|s°dUl2LrJ-tY -_--'_f- t_.._helfm ..............

capabilities, flexibility, and contingency. Two flexible heat pipe cold

plates were fabricated, tested, and one was delivered to NASA JSC.

The fifth task of the program included the design, fabrication, and

test of thermal bus receptacles. A thermal bus receptacle is a device

that is integral to the thermal bus and is a location of enhanced heat

transfer. The receptacle is a device that a clamp-on cold plate can be

attached to or a flexible heat pipe cold plate can be "plugged in."

v
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_Flgur, 2 Is • echenatio of • thensal bus receptaole shovin8

_ versatility of the receptacle, cla_p-on cold plate, flexible hea_ pipe

cold plate system. • _ _ _' :_;_:

_. _._1 b_. rac.p_ol, utlll_.. _. _._.l bus_o_kin_,1.1d_
a heat: pipe wick structure to enhance the heat transfer bet'wee_ _the _old _

.. _ testing the hardware as • heat transpor_ package.

fabrication, and testing of the heat pipe hardware demonstrated

plats and the receptacle. Two thermal bu_ receptacle concepts veto.

generated, fabricated, tested and delivered to NASA 3SC. '_i_-

The sixth and final task of the program included •see•blinK ' d_

The deseX,

i_used on the Space Station. The heat transfer package (clanp-on cold

plate, flexible heat pipe cold plate, thera_l bus receptacle) demonstrated

its potential as a modular, high capacity thermal/mechanical heat transfer

system.

_i; _
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I. 0 INTEODUCTION

"_"L_ _ e thermal bull L| one oE the key systems contrLbut£n| to th _._,_" ii!

_i potential versatility of the Space Station. In an analogy between thermal

and electrical circuits, the Thermal Bus provides • centrally located hea=:_ _

:_i_:_ slnk to which heat can flow from sources di2trlbuted throughout the Spac_

!_ Station. To carry the analogy further, thls effort was focused on the_,

_x development of the wall outle_ and possible "line coeds th•t will make it

_'_i: to use the Thermal Bus to its fullest extent. . _ :_

' contract are intended to be placed into the existing Space Station th I _ :

_ _' L _' "0_ _ ' _ '_ tfi_':_os/tton, t_ reeep_cles serve to transfer vast• h_J6

_i ,..... bus receptacles and out t0 the _pace _tatlon radiators where the heat c_t_

be radiated to deep space.

Clamp-on cold plates and flexible hast pipe cold plates developed by

Thermacore under this Phase II contract will serve as heat transfer

supportin 8 hardware. These components are the llne cords. Equlpment and

.: experiments on the Space Station will be mounted dlrectly to the

"_: evaporator of these cold plates. This work can be accomplished inside the

'_: Space Station because of the modularity of the heat pipe components. From

_j there, the experiments and equipment mounted onto the heat pipe components ":}_

can be taken out to the thermal bus and mounted directly onto or into the

thermal bus receptacles. This modular type of heat trane£#r system will

reduce the time required and risk associated with vorklnK outslds of the

habitat and work modules

Thermacore developed heat tr_fer eee_pon_nUe _o expand _h_

thermal bus receptacles (wall outlets); three clamp-on cold plates to be

mounted on the outside of the thermal bus receptacles (llne cords); and

two different flexible heat pipe cold plates (llne cords) to be plugged

into the thermal bus receptacles.
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BLx teohnLell tasks v,r, lnolud,d as part o[ this _ise Z| pro|ell,

• Task 1 - Reoufrements: Establish r.heraal and mechanical

requirements for high perfor=ance modular cold plates (Table 1).

Task 2 - Clam_ed Joint Interface Delta-T: Demonstrate a
,_,_ -_

mechanically clamped interface Joint between the cold plato+and

me meres1 bus that has a 1or delta-t and is easily rm+aD+e

from the thermal bus. (Section 3.0) _,

+ : _+ + + +

L ++_,++++++. + ....._i.• ..+ _+ .....
+it_ + T++_ 3 . _II_ +p,t_Pmmmnee Cold+* Plates: Fabricate P and

oer_onsanee versus d_lta-T _or the 30 : _0 cm.
_ _ m demonstrate the

_0 x _0 cm and _0 x +0 ca cold plates dosll_od in the Phase I

e££ort. (Section 4.0)

_ask _ - Flexible Heat Pioo Cold Plate and Ther:ual Bus Couolsr:

Design, fabricate and demonstrate 8 flexible heat pipe cold

plate vhich can be coupled to the thermal bus. (SectionS.0)

Task 5 - Thermal Bus Alternatives: _odl£y existin_ single phase

cooling loop design and/or design a _vo phase heat pipe t_/pe

thermal bus. (Section _.0)

• Task 6 - Consolidation of Heat Acouisltio_ - Heat Transfer

_YJL_U_: Assemble the hardvare, dHwnstrated individually, and

test the entire system. (Section 7.0)

The remainder o_ this report separately covers each o_ the above

tasks. The discussion rill include: requirements £or eac_ task, design,

_abricatton and testing procedures, test results, conclusions and

recommendations.

+,



2,0 C0NCLU|IONS

;." The principle objective of this Phase II program was to design,

_ fabricate, and test • series of modular, high capacity thermal/lechanical

:'_ cold plates and the supporting hardware necessary for use on the Space

Station. This objective was successfully met in every aspect. For

_' example • series of three cla_p-on cold plates wore fabricated _and._

demonstrated to carry up to 1500 _ •t 10"C overall delt•-T, operatins uP

{_ to 4" adverse tilt (> 6" angle), an_ greater than 6 W/ca z heat l_ut

_ii_ without • sign of dryout, The specific results and conclusions for each

_ :_rica_on _ e_t_L_kS are shown belo_'

_i_ 2.1 CLAHPED JOINT INTERFACE DELTA-T

Indium foil met the thermal per£ormance require_ent, demount•bllity

requirement, and the off-gassing requirement for • low thermal resistance

clamped interface Joint. Indium foil exhibited • delta-T of _I'C at

7 _/cm a.

J_

2.2 CLAMP-ON COLD PLATES

The 30 x 30 cm and 30 x 60 cm plates performed as calculated with

acetone and ammonia. The 30 x 90 cm plate performed as expected with

acetone, however, it appears that it did not _aintain pr_ed at'reties with

ammonia.

A uniformly distributed heat load is the best loadin_ for the present

design. HoweVer, strip iosdJ at heat flux levels up to 6 _/c_ are also

easily accommodated provided the loads are perpendicular to the heat

........p ipa a ............................_.........................

Each cold plate design is required to transport power with •

temperature drop of lO'C or less. Tests show that te_erature drop is

relatively independent of cold plate size and is more a function of the

clamp design. Most of the temperature drop occurs because of the heat

pipe delta-T of condensation and the deltaoT of conduction through the

cla_ping mechanism and interface gap.

Higher power carrying capabilities are easily acco_odated by the

present heat pipe design, however, a larger condenser area and • lower

thermal resistance clamp and interface are required to meet the 10°C

overall delta-T limit.



2.3 FL&XZSLE HEAT PIPE COLD PLATES

The FitPCP v_h 2.54 as dLue_s: vapor gpsas psrforssd is expsGtsd

with acetone, however, it appears that IC did not _alntaln primed arteries

wLth ammonia. The deprinln| of the arteries is possibly due to flux

material introduced during the sintering process. Thi_ could affect the '

wetting ankle and lead to poor capillary performance.

The FHPCF with • 2.54 cm diameter vapor space, using acetone •s the

working fluid, performed best with the heat loading uniform over the

evaporator •re•. Strip loads normal to the heat pipes were also

successfully demonstrated.

The FHFCF with • 2.54 on diameter vapor space, using ammonia as the

...... _ " r _ wor_Ing i_l_d po_b_e_stMth all hei_e_ |•retries except for the

The FHPCP with a I 59 cm diameter vapor sp•ce did not operate as

designed. The poor performance was determined to be a capillary limit

caused by • large pressure drop in the artery manifold which supplies the

16 evaporator pipes with liquid drawn from the condenser.

2.4 THERMAL BUS RECEPTACLES

The Flow Through (TBR I) and Reservoir (TBR II) Thermal Bus

receptacle design are capable of transferring the waste heat from the

clamp-on or plug-in cold plates to the thermal bus.

Strict control over r,he ammonia liquid level in the reservoir of TBR

II is essential to provide unlforn heat rejection.

Closely matched surfaces and surface finishes of 16 rue or bettor are

required bet,*sen the _FHPCP condenser and the thermal bus receptacles in

order to mintmi.,, resist., .. 

2.5 CONSOLIDATION OF HEAT ACQUISITION HEAT TRANSFER SYSTEM

The consolidation of the heat transfer components as a unit heat

transfer system demonstrated the concept in principal; however, the

performance was less than the design goals. Because the components were

fabricated, tested, and modified as separate components, the interface

Joints were not as good as they originally were intended to be. The

result was • lower than calculated heat transfer capability which further

4
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reLnforcso tha previous conclusions that seed _lnt_rface Joints' are _!!r_

GrLtLoal to |sod performance in thLs eypo o_ a modula_ systao.

A Flow Through Cold Plate capable of carrying gtiata_ than 3000 watts ,

with a loss than I'C delta-T at 3000 W. was also fabricated and tasted.

The flow through cold plato was an additional ta_k bayond the original

scope of work. This flow through cold plata_ used the tachnol0sy

developments from the clmp-on cold plate, flexibl_e'heat pipe cold plate

and thermal bus receptacles. The end result is • Is@. _ass heat pipe cold

place with • high heat transfer capac£Cy aC • corr_e_ndin, low dalta_T.



?

3.0 CLAMPED JOINT INTEEFACE DELTA-T

In order for the cold place hardware developed under chls program to

be successfully clamped to • thermal bus loop, an interface material rich

good thermal conductivity was necessary to enhance the heat transfer

performance across the gap of the a mechanically clamped Joint.

This work began in February, 1985, under a Phase I SBIR NASA 3SC

Contract No. NAS9-17280. "Modular Cold PlaCes for High HeaC Fluxes." _nd

was completed under Chls Phase II Program.

The prlnclple objective of the interface matezlal task was to test

a variety of materials in an effort to find a low delta-T, easily

, _:.. _e_eble, and low.'_tSaub_In$ clamped Jolnc [n_6_ce ma_0rlal. _Bevsrml

j_..... _...... _ ................_._cypes of u_Cerials were Costed, including: thermally conductive epoxies,

. chermallyconductlv&rubber_pads, metal foils, and varlous ocher Io_vapor

pressure materials.

The materials are to be used between the thermal bus and the clamp-

on cold plates (Section _.0) or the thermal bus receptacle (Section 6.0)

and the flexible heaC pipe cold plates (Section 5.0). Se©tions 3.1 - 3._

describe the interface requirements, the test matrix, the test procedure,

and the results and conclusions.

3.1 RE_UIREHE_TS

The first task of the mechanically clamped interface task was to

determine the minimum requirements for the clamped Joint. Based on the

dimensions and require_nCs for the clamp-on cold places, flexible heac

pipe cold places, and thermal bus receptacles, the follo_inS require_ncs

were selected: ,_._

Interface Delta-T 1-3"C at 7 W/cm z

Demountabillty Manually demountable

Material Outgasslng Low outgasslng (low vapor pressure)

6



3,2 T[ST _TX

_e seoond _as_ of the Lnt:erfaoe uaterLaTs :Lnvelt:L|atLo_ was to

design and fabrLcate • test; vessel that van represet_tatLve of &n aQt:u&l

clamped ,JeLr, ti, Per IhLil pfOltra, t5e e%.aped L_tetrlra|e via II eyl_tt_dtrLl|l,

|oomot:ry approxlmat:o%y ?.63 em Lt_ dLueter, A phol:o|raph of t:es_ hardy&re

is shown in Figure 3 :

Figure 4 is • cross-sectlonal assembly drawing of the test vessel.

The naterlals tested were •pplled •t the thermal Interface between the

simulated thermal bus and the slnmlated cold plate. The slmul•ted cold

plate was clamped onto the slmulated ther_sl bus with bolts. Heat v•s

......._--_....... where It .was rulvved by _ cooling v•ter. The flow chamber insert was

• used t..o"iJ_rili_ the hea_ t_a_er coefflclene at the stnulated thezSsal

bus/cooling water interface. Thernocouples located in the test flxture

and in the cooling lines were used to dee.ermine the delta-T •cross the

thermal interface and to calculate the total power transferred.

Pour groups of materials were tested: metal foils, epoxies, thermal

pads, and miscellaneous materials. The specific materials are listed in

Table 2.

3.3 TEST PROCEDURE

The following test procedure was used to collect the thermal

resistance data for • clamped Joint.

A) Apply the thernal resistance material to ehe inner dlaneter of

the s_nulated therual bus.

B) Place the two halves ef the sfnulated cold plate onto the

simulated thermal bus" and bolt ehe _ol_a_s together.

C) Torque the bolts to approximately __4 :ft:ibs. ..... For"'th_ ........

particular test, a torque of 14 ft-lbs results in a clamping

pressure of approximately 350 psi.

D) Attach an electrical resistance heater to the outer diameter of

the simulated cold plate follo_ed by two inches of Kao_ool

insulation blanket.

7
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I

^t_umtnum YeLl (,OOL")

Indium Foil (.0019")

Tra-Con Tra-Duct 2902

Emerson & Cuming Stycast 2850 FC

,_...... KagtloliaCoiper,md 8L-090

Zn_erfaue Ka_erLal8 Teee _J_ril

I I I I I

KIJu t ma UL

Molybdenum Diaulfida

Silicon Vacuum Creams

Thermatrace NH

Watlubo

Silicon Oil

Emerson & CumingTC4 Thermal Crease

Orapho 507 Graphite

Air kL'_NI'IQ_IiUI(]L Surfa_'_l (t_PJ_L_)

Cools£1 Pad 1867 & Spray Adhesive

Coolsil Pad HS-OO7-AC

Coolsil Pad 1867

Q- Pad

I

F)

i i i

E) Turn the cooling water on and turn on the electrical heater.

For _his tes_ vessel, the power in was fnl_ially se_ a_

approximately 250 wa_ns.

Allow the _es_ vessel _empera_ure8 _o reach s_eady s_aee and

• record _he _hermocouple readings into _he laboratory noeebook.

C) Increase _he electrical power 250 wa_s and repea_ F-C up to

approximately 2000 vat,s.

Figures 5-8 are the results of the ces_ ma_rlx. The figures are

plots of hea_ flux (U/cmz) versus delta-T ('C). Several ma_er£als can

meet or exceed _he hea_ flux/del_a-T requlremenU of l-3"C a_ 7 _/cm a.

These materfals include: Indium foll (.0019"), Tra-Con Tra-Duc_ 2902

Epoxy, and Emerson & Cumlng TC4 Thermal Grease.

10
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Of these materials, only Indium fell can meet the therma! performance

requirement, the demountabillty requirement, and the o£f$assln$

requirement:, The epoxy ie not eeeily demountable. The epoxy muJ_ be_

phyeteally broken (vLth exaeeeLve terse) or therually broken down a_ J_

temperature which manses excessive mania vapor pceeeure. The thermal

Irllll O_Jlllel tpl.dly In • hijh vaauus envLron_enC and *deLes ou_ e

causLnga decrees,, _n thermal performance with eLls.

The thenmslly conductive rubber pads were the neat convenient

:aterlal to work with but are not :anufactured thin enough to get the

required performance. Q-pad is 0.006" + 0.001" thick and has a delta-T

_ _:_!:_/: _6f; 15_.5"C S_ 7 w/e3ne. Fade _rL_t thieimoseee lose l_m O. 003" u_ald lo_t_

e,z;et.  'eo :7 Thereeor,;  tlz  0,0
" "[r " " is the only _sterlal _l_d that moot8 thdavailable, lndiua foil _' '" :

Indium foil has • melting point of 156"C, a t_ermal e_eivlty o£

85.4 _/m*c, and a tensile strength of 380 psi. The melting poin_

indicates that the foil will be a solid in the operating temperature range

of 0 to _0"C. Solid metals generally have low vapor pressure which

implies low outgassing. The thermal conductivity is 20 to 50 tim_s higher

than epoxies and thermal greases. /Lnd, the low tensile strength allows

the metal to creep and fill any imperfection on the clamped surfaces. For

these reasons, Indium fell was selected as the interface material for the

clamp on cold plates.

rr_

;,. ¢
° .

• _, _

/
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4.0 HIGH PE_O_(A1;CZ COLD PLATES

The three clup-on, modula_ cold plates, dasiEned and performance

predicted during the Phase ! effort, were fabricated and teated. The

tsbtLoa_Lon, prooessLnl, and perforIaMe tes_Lni iuteria_Len iaLned val

intended to verity the deiLsn prinoip%ss used and eo provLdo • della b•ae

of psrforuance as a function of heat load placement. Sections _.1 through

&.6 detail the work effort completed in Phase II.

i

i/

" ......_or_/_ ,pectate r.qutr.m..

by __"_. IL'I_'_m_IIiPleail_on

:dirxperl/e_l_.._:.. Accordinjly . Phase B Space Station _riteria were used t_b set

the applica_ie eTeta_[n_ tesperaL_e range and allo_able delwT'I. _ed

on the operatin_ temperature and allowable delta-T, pratiatrmry dO||gl_

calculations were performed using state-of-the-art values for the design

parameters. The result of these calculations vnl _O let the power

transfer capability requirement. Material selection and physical

dimensions were a direct result of the Phase [ design effort. Table 3 iI

a llst£ng of the clamp-on cold plate design parameters/requlrements.

i

TABLE 3. Clamp-On Cold Plate Parameter/Requirements

Structural Material

_orking Fluid

Mass

1100 aluminum

A_onia/Acetone

Mininiza

O-- _O'C
... Operatln'8.Temperature ................................. - __

Dimensions of Plate 30 x 30 ca

Temperature Drop

Power Transfer Capability

30 x 60 cm

30 x 90 cm

8 - 10"C

2000 - 3000 W

16



4.2 DESIGN

The design effort for the three olamp-on cold plates was perfonied

during the Phase I effort, The sterns aaluuletions, optimisation schemes,

&nd pertorsanus prodLa_LonJ ere sl_ desurLbsd tn dstsL_ tn the FL_

Report _or NASA ContreGt N_aber XASg-17280 "Moduler Cold Phtes for Hi|h

Heat Fluxes." Figure 9 is • sketch of the selected design. However, •

change was made to the proposed wick structure. The proposed, L_oartery

"D" shaped wick structure was changed to a single, pedestal artery.

The modification vas nmdoafter severa_ single heat pipe tests showed

i_!i_i _ _Chac vapor le_Jrsted 8t the vail/wick t_terface was per_Jtratinl d: _

e bid phttJ to ol_Jra_JH destlp_d, the Vtck structure selected suet be ....

all of the following: hlghperformance_elntered powder_tal, a_eL_al),

prime easily (arteries), and resist vapor penetration caused by the

boiling at the wall/wick interface (arteries). Slntered powder metal

pedestal arteries are inherently high performance, and have been

demonstrated to prime themselves. The only remalnlng problem yes to i

prevent vapor penetration into the arteries.

For all practical purposes, boillng is an unavoidable phenomenon in

ambient temperature heat pipes. The boiling itself does not greatly

affect the performance of the wick, but rather the vapor generated

penetrates the arteries and causes them to deprime, which in turn, causes

the heat pipe to dryout.

Tests run under the US Air Force Contract #F33615-8_-C-3&IS, "High

Performance AlumlnumHeat Pipe Development, w indicated that the nucleation

sites are located in the first few layers of powder sintered to the walls.

Therefore,tok eptheVapor gonereted  ro, penetreti"S ebe ............
wlck structure needs to be designed wlth the pressure drop to the vapor

space less than the pressure drop to the artery. This type of wick

structure would force the vapor generated to circumvent the artery.

Figure I0 is a concept drawing of two wick structures which were

developed to verify the above hypothesis and to demonstrate on the bench

a high performance, easily primed, boiling resistant artery heat pipe.

17
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Figure I0. Boilins reslstanc arcer_ designs
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A three foot long heat pipe rich a coabtnaCion of grain sizes (course

clrcuaferential wick-fins artery wick) wick structure was fabrlcated and

tested usLns acetone as the working fluid. The hut pipe bench test set

up is shown in Fl_re ll. The heat pipe vu oriented with the evaporator '
"o

above the condenser (sseLnst |rarity). Tests were run at hortaontsl,_orNJ,

_o. threo, etc. inches al_ainst |rsvity and the povor m ineroesoduntL1

the evaporator dried out. FiKure 12 shows data colloc_Jd loathe i

combination Stain size boilin S resistant wick structure heat pipe_ins
acetone as the working fluid. This particular heat pti_ performed b_tter

than predicted.

• Coors. powder circua_ere_t[al vlc_ -_,

• Fins powder artery vick _

• Slotted aluminum artery liner

The coarse power circumferential _ick has pod _rmsbilitT/_ore

radius properties which Styes the heac pipe hLsh periods. The fine

po_der artery and the elected artery 1Lnsr IJ_pOSe s hlKh pressure drop

barrier around the artery co prevent vapor penetration and possible

deprim£n s of the artery. The smooch inner wall of the artery cube may

also delay the incipience of botllns inside the artery. Also. the

condensation delca-T in cho place is proportiomtl to _ wick thickness

ac the condensation site. The pedestal artery danish is tJ_Lnner _ the

"D" shaped desif_n in the condeuJattou area. And, finally, Use8 with i

acetone l_avo shown chat the p_dostal artery design is capable of prf_Ln_

on earth; and therefore, the "De _ wick des|an is lee IMoe84tzT.

................ _e"v_l_r_m_tr_-_ro_r _),i._) •_._._-_ _w;-7--._-_- _--_1--;: _-....

under th£s program were patented.

_eca_ze of the developing n_ure of the boilinS resis_nt arteries,

the cold plate desIsn was not re-opClmlzed based on ohm selected wlck

scr_ccures. However. the cherm_l perforLsnce of the mJ fabricated cold

plates was predicted. The calculated parformmce yes based on evaporator.

adiabatic, and condenser areas as shown in FIKure 14. Th_ evaporaCo_ area

is considered Co be the entire circumference of cha hoac pipe not above

20
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Figure 13. Clamp-on cold plate wick structure
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Figure 14. Evaporator adiabatic and condenser areas used to

model the clamp-on cold plates
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,_ WORKING PLATE

the clamp plus the upper half of the heat pipe above "the clamp./ The;

condenser area was assumed to be equal to the bottom hale of the_heat"plpe

minus the area of the artery in the vlclnlt_ of the clamp. Table 4_is_a +

TABLE 4. Predicted Cold Plate ]Performance +_. i

ULTXXATI _OIrlUL.

.............30 x 30.__+! _*ACtl_otll __'+_+"_'+"'_ i __<+
j+

• + +. (+

++_+ Acetone+ J + +!_' 30 x 60

*CALCULATED

PO_
TEANSFE_D

++ 1134 •

.........+....... ++-,.+°++Acetone

Ammonia _• 30 x 30

Ammonia 30 x 60

Ammonia 30 x 90

1288 "

1316

1242

1345

1368

.!

TRAHSFERAED_._>+ +,_

2017: +_+i

2169

2_14

6957

7648

*Assumes a 5"C heat plpe delta-T is equivalent to a 100C overall

delta-T.

+

The predicted powers are lower than the 2000 - 3000 V goal. however

it wai =u_mlly (Thermacore/NASA) decided _hat verifying _he vapor

resistant artery concepts vie more isportant than the arbitrarily (state-

of-_he-art) set goal.

4.3 FABRICATION

The cold plates were fabricated from a solid block of 1100 aluminum.

Thls was done for _wo reasons. First, the integral plate/clampelimlnates

a particularly large interface delta-T and secondly, the integral heat

pipes with a slntered in place wick structure eliminates a potentially

large interface delCa-T ....

25
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4.4 TEST 14AT_XX

The Cast matrix for the clamp-on cold pla_e _a8 selected to provide

the £ollowing:

Performance as a function of plate dimensions

Performance as a function of workin s fluid

Per£ormance as a _unct£on of plate orientation (tilt

against _revity)

._erformance as a function of heat input •re•

26
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4.5 TEST PROCEDURE _!

The following £_

plates. Figure 15

photograph of the

A. Process th:

B, Attach the

n.

E.

F.

C,

H,

I,

Apply appr_j_,iasately _o-inches of Kaovool insulation over

heater Inp_'area and clamp in place.
Turn on _h_vater to the simulated H20 cooled thermal bus

approx£mat I00 ml/mln. Temperature and flow rate should

such that _o maximum plate temperature is less than 50"C.

Energize _ heaters and leave undisturbed to reach steady I
.tats. i ,i
Vhen steadT+:state is reached, record all temperatures, flO_/

rate, and _oater power. _

Increase _t load and repeat Steps G to I untl] the delta*T

between t_iadge_ of the plate and the thermal bus exceeds lO*C.

_.6 RESULTS AND CONCLUSIONS is

A total of 72 to4_sts were ram to complete the test_atr£x. An exanple

difference between outer edge of the plate and the interface and thermal

shown in Fi_a 14. versus the total power transferred. _or anybus as

_erature difference between the interface value and
given test, the taT;
the thermal bus val_ Is the delta-T of conduction across the interface

gap. Appendix A sh_a the plots for each of the 72 tests.

Table 6 is a co.arleen of calculated and actual performance for the

plates operating at lhe IO°C delta-T limit. The calculated performance_

based on evaporatog._adlabat£c, and condenser areas are shown in _

F_gure 17. _ +

f.
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An_onia 30 x 30 1242 1000

Ammonia 30 x 60 1345 1250

Ammonia 30 x 90 1368

*^ss_ses a 5"C hut pipe delta-T is *quivatenC co a lOeC;overaZ1

I
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Table 7 is 8 lle|:lJlK oJ[ the eapillst_ _Lf_trAd uaxtms8 poq_r ._t_l:

could be expected vtch the preee._* deeiln. %_: is clear t.h8_: the p3La_-0/s ,.

u_llizin_ umoni8 as the vorkin_ £1uLd ha_ a, po_encLaZ to c_rr7

(19 27 C). .... . ..... , ...... , ,
•kt_e¢ revievtns the perfonmmeo der_t and ptod_c_tons, tJw fail'hi _,

conclusions and recoamonda_orJ cans be reached ++:+++.+ _ r

• The 10"C delt:a-T li-l_: alloys only a sn_11 /ncreue in paver

carrying capab/lil:y vir.h s subsr.an_/al Lncreaso J.n plar,,esize.

This Lndtca_es r.ha_ the porforaance _.s lia£ced by the bea_ pipe

dsl_a-T of condensation and _he dol_s-T o_ conduc_Lon chroul;h

_he cl_pins nechsn_sis and _nt:orEaco lap: ......

34
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A un£formly d£stributad beat: load Is the best lo_clirq_ _or the

present design. However. mtrlp loads are also _•_sily_ ._ ._.:_

acco-_odsted provided the loads are perpendicular to the heat _i_?

pipes.

The 30 x 30 en and 30 x 60 en plate8 perforned 88 expeoted wLth

acetone And ammonia. The 30 x 90 ©n plate perforned as expeeted

with aeeeoM, however, £1: appears Ideal: it vu not --inealnlns

prod arter£e8 with asonia.

Higher power carry£n_ capabilities are easily ac©oemod_tod by

th_ present heat pipe dssip, ho_vsr, • l•rpr condenser ares

and • lover _n_l resf_stance clamp and lnter_aca st8 roqulred

to _et the 10"C ovsrsU dslta-T l£nLe.
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5.0 FLEXIBLE HEAT PIPE COLD PLATE AND THERMAL BUS COUPLEE

k

The development of the flexible heat pipe cold plate (FHPCP) was

conducted follovlng the Identification of the desIEn requirements shown

in Seation 5.1,

TABLE 8.

_ : Working Fluid

Mass

Operating Temperature (°C)

Dimensions (cm)

I:!!i!

5.1 RE_UI_.MENTS

The design requiremente for the FHPCP are shown In Table 8.

Flexible Heat Pipe Cold Plato Design Requirements

llO0 Alumlr_m

Temperature ('C)

Total Power (g)

A_aonia, Acetone

Minimize

0-40

30 x 30, 10 x 2.5_ diameter

through holes

30 x 30, 16 x 1.58 diameter

through holea

$ -10

>1000

i i

?

k

./

i.

Figure 19. The wick structures were evaluated in terms of antIcipated

performance, ease and cost of fabricatlon, weight, artery priming,

tolerance to boiling and overall heat plpe Delta-T.

Based on fabrlcation considerationa and welght, the round geometry,

design F (Figure 19), was selected as the primary design. Pedestal artery

concepts in both a 2.54 cm diameter and a 1.58 cm diameter were selected

as the most promising wick structure designs.

All of the wick structure concepte in Figure 19 are tunnel artery

designs. Tunnel artery designs are proven high performance wlck

structures, but tunnel arteries do not ird_iblt vapor penetration into the
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F:[.guce 19. Alcernatlve cold place wick structure deslsn
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artery. Vapor generated at the wall/wlck interface penetrates the artery

and causes it to deprlme. When this happens, the heat pipe can no longer

transfer power and dries out. To prevent vapor from penetrating the

artery, a wick structure was designed with a surface tension resistance

to the vapor space less then the surface tension resistance to the artery.

Figure 18 shows the wick and artery design.

The design incorporates a coarse powder circumferential wick and a

fine powder artery with a slotted artery liner. The coarse powder has

excellent permeability and pore radius properties and is responsible for ,

the heat pipe's high performance capability. The fine powder and slotted

tube f_poso • high surface tension barrier around the artery Co prevent

_: _ _i '_ viper f_om crating :and deprimins the artery.

Figure 20 shows the artery features incorporated in this design to

assure tolerance to bollin s. The remainder of our effort centered around

the heat pipe delta-T, weight and erase and coeC of fabrication.

The square, rectangular, layered and triangular designs would require =_!

walls to avoid buckling due CO the internal vapor pressure of _!_ithick

anenonia. This would also increase the Delta-T through the cold place
_:

wall. Fabrication of these designs would be difficult implying a high

cost of manufacturing .... i _

The circular geometry cold place designs are lightweight, cost

effective and provide a low delCa-T. Table 9 describes the circular,

square, and triangular concepts in terms of dimension, number of heat

pipes per cold plate, weight and delta-T through the cold place wall.

39
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Based on the thermal and geomatrlc requlresents established in

Task I, the design payameters for the two clrcular geometry FIIPCP's were

established. Details of the FIIPCP geometry and wick structure are listed

in Table 10.

5.3 FABRICATION, FLEXIBLE HEAT PIPE COLD PLATE

Based on the established thermal designs for the 2.54 ca diameter and

the 1.58 cm diameter FHPCP concepts, each unit was built as outlined
r

below,

• Sister coarse circuafersntiat powder metal wick. All l0

,_ _,_ or 16 heat pipes were sintered simultaneously.

................... wick. Again, all l0 r_ 16 host pipes were 81ntered :.

simultaneous . ,:_i

• Sinter condenmer wick structure as outlined above

• Test the arteries for the amount o£ pressure they can hold.

A pressure o£ 8.89 cm of water was required when tested in

acetone. ,.

• Weld artery manifolds to the 10 or 16 artery tubes.

• Pressure check the arteries again.

• Insert several layers of -325 stainless steel screen into _".

the stainless steel bellows to reduce the possibility of

liquid entrainment.

• Weld on aanifold end caps to the cold plate.

• _eld B£-graze connectors to the manifold end cap and conden_e_.

El-Braze conn_ctore are stainless steel to aluminum transition

coup 1 lass.

stainless steel bellows aud seal to the cold plate manifold and

condenser arteries.

• _eld the assembly together including the condenser end cap. :_

• Check for leaks with a helium mass spectrometer.

42
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! i COLD PLATE:

' 3'

TABLE 10.

'/!

Evaporator and Condenser

-60 +150 •lualnum powder - c_rcumferent£•l vLck

ART ERY:

powder metal wlck

Teflon tub£n 8 used In flexible bello_s

o

-150 +325 •lum_nua powder - •rterlal wlck

(evaporator only) . _ :,);

$.

0.476 ca dfa=eter •rte_ enclosed In • 0.159 ca - _.
.

_ORKING FLUID: Immonta and _ceto.e ....

PERFORMANCE TESTING: Powder versus DoICa-T

Power versus Inclination Asa£nst Gravity

Distributed Heat Loads

3 " _ ......
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:?'5.4 TEST MATRIX, FLEXIBLE HEAT PIPE o_COLD PLATE

A test matrix for the FiIPCPis shown in Figure 2i. The PHPCP'e wore :o_ _:

performance tested u_In_ both _]_or_la and acotonoe Testa wore _o_duct'd_i_ "' _.-,

at horizontal, 5.08 cm and 10.16 cm against gravltT. The evaporator'S/

raglan was heated using four (4) heater arrangements.
- .

i 5,5 TEST PROCEDURE, FLXXXBL_ HEAT PIPE - COLD PLA_ '_

i_, M£nao thin toil heaters supplied hea_ Co _he FiI_P evaporator in th _"C

_h_+eter;conti/_rations shown in yl_re 21. For each heater'-looa_lon, the_, _-
_oaC fl.ux was uniform over the heated area. Insulation wu placed over. _

)recess, _Cetono a_d kmnonia as the vorklh_ T_uid and or_en_td _

a 5._ __d 10.I6 _a _ilt a_ainst _ravt_. pitted _r_m _he

flexible bellows. " The FH_P with 1.58 CU dianeter holes m tos_od v_t

acetone only. _ -_- ,!!

A water cooled heat exchanger was placed around the condenser to _

simulate the thermal bus. The heaters were turned on and the cold plate

was left undisturbed to reach steady s_ate operation. Upon roachin_ _

steady state, the "_poratures were recorded and the heat load increased.

This procedure was _epeated until the delta-T between the odKo o_ _ cold

plate and the condenser exceeded IO'C dur£n_ testln s. A photograph o_ the

•". FHPCP durin_ performance testln_ is shown in Figure 22.

5.5.1 Artery Prlmlne

•- '_ In order for a heat pipe oE any design to operato using arteries as

_'_'_._,the_llquld return mechanism, the artery must be "pri_od." The artery is

roquired to be!Co_let_'iy ££11ed with the _o_'ki__W_._l_ _ vapor

present. This =| sm

from the condenser via the artery. If the artery is no_ =primed _ then

fluid cannot return to the evaporator and the evaporator wick structure

dries out. _Ith the evaporator dried out, the heat pipe can no lon_er

transfer power.

On earth, the artery will primo if the capillary head of the _artery

is greater than the gravity head of the wick structure. For space the

8ravity head is eliminated and the artery will solf-prlme. _ -: :_



!





ii!I .....
_ prying the _'_arter_se" using acs't:om asthe vor_l_ _

111 _-

u£d was established under _ASA Contract N_mber NAS8-3S263, bl_eat"

Transport Across Structural Boundaries. = The procedure utilized the viper

'!!i_ressurs of the workin s nuid tO push the liquid into the artery. Any

_apor gas present in the artery is condensed by the vapor pressure of the

;C _kin$ fluid.

]_:_I_'_6' I_ilUI.TII AI_ ¢OII_.UII%OII, ff,,_ll_t,,J_ XIL_T IPXI'IIbOLl) !_1

{
i design using acetone and ---.onia as the working fluid are shown in

23.30. _'Th_ data plotted shows the delta T beCtree_ the average

te=psrature of the cold plate evaporator and the condenser wall, as a

of power transferred{

,_ _ Figures 23-30 show plots of the performance tests usi_4g acetone as

the working fluid. Tests were conducted at 0.00 ca, _.0S ca and 10.16 cs

: Inclinatlon against gravity with four different heater geomotrles on the

cold plata surface. Inspection of the performance data indicates that

uniform heat loads and strip heat loads normal to the heat pipes performed

best.

_ In Task 1, a e_xien_ delta-T requirement was established at 10"C,

i with the delta-T being the average temperature of the cold plats

!: evaporator to the temperature of the thermal bus. The test results shown

in this section do not include the delta-T of the interface baleen the

FHPC? and the thermal bus receptacle. _ilo conducttn8 performance tests

for the FHPCP, a concurrent study was conducted to design and test

i_ different interface Joint _eometries between the plu_-in components of the

_i!:,_ii_ecr: and tha_l bus receptacle. The-_ome of the, sL_tdy was to develop_ _ _i__

capability of the FHPCP while satisfying the lO'C limitation.

Test results indicated that a contact resistance of 1.35 cm2"C/_ was

achieved for a tapered condenser/thermal bus receptacle Joint geometry.

Therefore, the FIiPCP tested with a uniform heat load heater geometry would _:i

yield' a maximum heat transfer capability of 800 watts in o_der _0 moot

the 10"C delta'T requirement. The strip heater geometry 'would yield a /

700 watt max4mu_ heat transfer capability. These heat transfer

_ ,= _!:....
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values for the PHPCP are calculated from the contact resistance determined

for a tapered geometry. Actual testing of the PHPCP with the tapered

condenser and thermal bus receptacle were conducted in Task 6. A complete

description of the tapered interface design and test results are presented

in Section 6.0 of this report.

FIsures 31-34 show plots of the perfornance tests for m--,on£a. Tests

were conducted at: 0.00 cm, 1.27 ca and 2.54 cm £nclinatiorLs against

! gravity using the four heater geometries on the cold plate surface.

Testing at larger.inclinations with armenia yielded unsuccessful results

due to the arteries deprinir_ at 5.08 ca and 10.16 ca titre. _

The deprining of the arteries may be eaused by flux material

_ i , :_' tntr_e_ duri_ t_o Ointer|ng process. These materials _could affect the

vettin| amble which will lead to poor capillary perfonsanee. These

"* materiels aln a_eaT to 8enerate non-condensible g_ vlthln the arteries

and cause them to deprIM, Once this happens, the evaporator portion of

the cold plate dries ou_ and the plate stops tranaterrin8 power.

Under Air Force Contract No. F))515.64-C-3_15, similar per_omanoe

was indicated when the pipe was initially charged viral ammonia. However,

by operating the pipe gravity aided for greater than 1000 hours and

periodically venting, the flux materials appear to be removed by chemical

reactions with the circulatin_ armenia.

An alternative flux nuaterial is being evaluated by Thermacora on an

IR&D program. This material can be used to sister aluminum at lover

temperatures. Life tests to date show no lncompatLbllit7 with ammonia.

Also, the wick permeability is approxinuately a factor of 10 or better for

the same pore size. Using this material, the cold plates vllI have

similar delta-T limitations in the present wick structure, but will be

,'i

able to transfer more power. ...............................

Taking into account the delta-T between the condenser of the FHPCP

and thermal bus receptacle using the contact resistance discussed

previously, a heat transfer capability o£ 750 _ is achievable and falls

within the 10"C delta-T limitation. Three of the four heater

configurations were able to achieve thls heat transport capability. These

heaters provide a uni£orm heat load over the evaporator area. Strip

heaters work best when they are positioned normal to the direction of the

heat pipes.
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J_

Period:ante testing of the FI4PCP with 1.59 c: dfaaet•: holes

demonstrated limited performance. Testing with acetone a• th• vorking

fluid at a 0.00 cm inclination yl•lded a maxlmm power capability o£

300 IJ. Testing at further inclinations ag•Inst gravity proved

unsuccessful. Due to the limited performance with acetone, ammonia w•s

not tasted.

Analysis of the data and F.qPCP design indicates that a c•pillary

li•it couTd cause the low power transport capability. A capillary limit

occurs when the sum of the liquid, vapor, and gravitational pressure drops

exceed the capillary puJpins capability of the wick. The location of the

unexpectedly high pressure drop could be in the artery manifold which

supplies the 16 evaporator pipes with liquid drawn fro• the condenser.

A •ore detailed analysis on the mechanics of supplying liquid to the 16

evaporator tubes evenly through • manifold needs to b• conducted.

Unfortunately, this falts outside the scope of york for this work effort.

5.6.1 ¢oncluslons: Flexible Heat Pive Cold Plate

• The FHPCP with 2.54 cm dia:eter holes performed as expected with

acetone, however, it appears that it is not maintaining primed

arteries with asmonia.

• The FHPCP with 2.54 cm diameter holes, using acetone as the

working fluid, performed best vith the heat loading uniform over

the evaporator area. Strip loads normal to the heat pipes also

proved successful.
_ the
,_ ,,,.......,II.......The FA4PCP vith 2.54 ca diameter holes uming mmonia as

vorktTt_ _Luid performed beet yLth all heater geoesetrios except

i

_L

!_g(_l[_l_:._hOBber posL_toned around the perimeter

The FHPCP with 1.59 ca dimter holes did not operate as

designed.

_¢¢ommendations: Flexible Heat Five Cold Plate

The PHPCP vlr_ 2.54 ca diameter holes rill t_e the selected

design to be delivered to NASA.
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6.0 THERMAL BUS ALTERNATIVES

i_ High performance thermal b,._ ,ceptacles (TBR) are required I:o_

transfer the heat collected by ._._:. _p-on cold plates and FHPCPs to the

Space Station thermal bus hot" .._sfer system. The receptacles can be

placed in the thermal bus llne _. modularity, expansion and contingency.

Figure 35 shows a schematic oE how the thermal bus receptacles can be

utilized in the thermal bus. The TBR can accept the clamp-on cold plate

,.- on its outer cylinder, and accept a FHPCP by plugging it into the inner

il cyl lnde r. _;

_ Both of the TSRa wire desired baled on the heat pipe deslsn

requirements listed in Table ll below.

T_tBT_I_ 11. Thermal Rul |eceptacle Desi_ lequirement!
|

Thermal Bus Receptacle

_orklng Fluid Ammonia

Thermal Bus Receptacle

Operatln 8 Temperature 0 - _0"C

Mass Minlmime

Outside Diameter (to accept the

clamp-on cold plate) 7.62 cm

i Inside Diameter (to accept to

i PHPCP condenser)

ii;_..__ _ Heat Transfer Capacity

Heat Transfer Capacity

(inside diameter) >I000

L '

Condensate Return Line Inside

Diameter

Liquid Supply Line Inside Diameter

0.58 cm < Dc_ S 1.57 cm

0.45 ca S Dz,s < 1.27 ca

,!
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_ 6.2 DESIGN

Three TBR concepts were estaSllehed at the beglnn£ng oE the phaee_ZI

program. Figures 36-38 show drawlnss of the three raceptaclae, _ Concept_ Z

_ is a flow through concept that can accommodate Leo phase flow exiting the

receptacle. Concept II is a lOOt liquid phase in - lOOt vapor phale ouC

_._ concept which uses sensors and valves to reEulate the amount of liquid

delivered to the accumulator. Concept III is both a flow r/troulh and •

phase separating receptacle concept:.

Each of these concepts were evaluated in terms oE the requiremenr_

listed in Table 11. In February, 1987, in 8 phoM conversation with NASA

_. II only.

j

¸
6.2.1 Load Sharine Tnterface DesSert _

In Task 1 a delta-T requirement of 10"C maximum was established for

a clamp-on cold plate and FHPCP. The delta-T was between the avera|e

evaporator temperature of these co._onentl and the therBal bu_ reoeptaale :

evaporator, takin 8 into account the interface dolt•aT of t/_e matin&

surfaces. Task 2 identified Indium foil as the interface mdima which

would provide the lowest interface dllta-T for the cl_-on cold plate.

!_; In the design of the TBR's, an evaluation was conducted to determine the

I_;' plug-ln 8eometry between the condenser of the FHPCP and iunlr cylinder of

I_ the TBR which would provide a confined FHPCP. thermal interface _

requirements, The interface materials tested include thermal &tease and

: a boron nitrlde/vacuum pump oil mixture.

The tapered plu_-In interface geometry relies on the contact

• resistance between the mating components. Both _atlng surfaces were

machined and polished to a surface finish of 16 r_s or better. The

delta-T was determined as a function of heat flux and contact pressure.

64



L

' '\i



! °°°° % ,. ,,"

S" •

I (I/
[.. 1,4

!,
_ . - -

,oo
°°°

66



!

)

_\ tL

o
l

o
• o

67

to



6.2.1.I Dcscrlotlon

A strai_t plug-ln interface test article and • tapered plug-ln

interface test article were designed and fabricated. The straIKht plug-

_+ in interface test article utilized an interface Laterial _hat was injected

into the gap of three simulated flexible heat pipe cold plate condensers ......

each with a slightly different outside diameter. The condensers provided

a 0.013 cm, 0.025 cm and a 0.051 cm gap bet_ieen the mating components.

++! A drawing of the straight plug-ln interface test article is shown in

_ Figure 39. +

+ ' + _ " "+ :r' _ samriil+_Rre _u ; _reon and Cumins Tm thereat

..........C_ln$ e..herual STease watel!ial was selected due to its perforuance in _

....... Task 2 of thil prosrau in which a l'C delta-T was achieved at 7 W/c_. T_o

i boron nitrid_/pump oil combination was selected due to its interface

performance under NASA Contract NAS8-36263 =Heat Transport Across _

Structural Bom_daries. = Testing under this program yielded a 5_ _:

delta-T at 3.5 W/cm 2 for the boron nltrlde/pump ell comblnatlon. +

The tapered plug-in interface test article relies on the contact

resistance between the flexible heat pipe cold plata conderuser and the

• thermal bus receptacle to produce a low delte-T. A standard Jarno taper, +iT

0.600 inch/it was used for this application. A drawing of the tapered

+++r

f
plug-in test article Is show in Figure 40. Testing for interfaco_

delta-T and ease of disassembly was conducted at several contact

pressures. To help disassembly, • thin flln of diffusion pump oil waB_ ?•_

applied to thl tapered coe_+bnlntg. _ +

Heat was .? applied to_the interface test •rttclee (straight 8hd

tapered) by' •_l_:.271_'Cn ce_rldge+'_i_iY _imUlereed lit the tinter o_ :_+,' +

was removed by cooling water. Thermocouples located in the wall of the

simulated condenser and in the wall of the simulated thermal bus

receptacle were used to determine the delta-T across the thermal

interface.
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6.2.1.2 Thermal Interface Test Procedure

T_e following procedures were used to collect the thermal interface

test data for the straight and tapered plug-ln assemblies.

_

iI

$_r_t_ht Plu_-In Test Artlcle

A) Insert the simulated condenser into the simulated receptacle

B) Adjust the gap size to the desired distance using metal foil of

known thickness.

Inject the interface material into the interface gap.

Insert thermocouples Into the simulated condenser well.

_W*_ _t_ __'S.I_ ..a_,.t ,_ the bottom sep

et_eua_erlmee _o ptm._ v_te_ leakaSe.

F) Place the test article into circulated coolinliwater- Turn on

the power to 100 V,

C) Allow the test article to roach steady state and record the

thermocouple readings into the laboratory notebook.

H) Increase the electrical power _n 100 _ increments and repeat

steps C-_ up to 1000 _.

Taoered Pl,;_-In Test Article

A) Insert the slmulated tapered

s)

c)

D)

condenser into the simulated

receptacle.

Bolt the two components together with the retaining rings.

Torque the bolts to meet the required contact pressure.

Place the test article into circulating cooling water. Turn

power on Co tO0'V.

Alloy th_'teec_:art£cle r_:::_each steady Sr_r_ and record theE)

F) Increase the electrical power in 100 _ increments and repeat

steps £-F up to 1000 _. r'!
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6.2.1.3 Thermal Interface Test De_a

I

The test data taken for the straight and tapered plug-in test /

articles •re plotted in Figures 41-43. The daC• for the straight plug in

test •rtlcle •re shown as • _plot of delta-T versus thsrm•l power _

transferred for thermal grease and the boron nltrlde/pump oil mixture.

The deC• for the tapered plug-ln test article •re shown •s • plot of

delC•-T versus contact pressure.

Test data for the boron nltrlde/pump ell mixture indlc•te delt•-T's

•boys predicted values. These results •re attributed Co the boron nitrlde

and vacuum pump oil saparacin_ durin| injection into the interface gap

_ _mmstt _ho individual boron niCtide patti•lee. This

_nc_aeOs _he conCac_ resistance between the particles and in turn

lucre•sis _I_e d_lCa.T.

Test deC• for the thermal grease also indicated • dalC•-T •bo_e

predfcted values. The results were attributed to the inabllit_ to inject

the thermal grease inca the narrow gap with sufficient distribution to

completly fill the gap. As with the boron nitride/pump ell mixture, this

would produce a high contact resistance between the walls of the mating

component e.

Data analysis also indicated • non-unlform temperature profile •lone

the male plug-ln component length. This is possibly related Co surface

irregularlCles between the cartridge heater and the hole in which It was

inserted.

Test data for the tapered interface geon_try indic•Cad • 3.7°C

delt•-T •C 1000 _ which corresponds to • contact resistance of 1.35 cm _-

!i_!_C_':_ Thi_k p_.¢. 8c_a concert presaure of 200 lb/in'. Accordi_ to

fluld, 800 _ is achievable wlth • 10"C delta-T which includes the

interface dolta-T.

Following the interface delta-T testing, the tapered assembly was

placed in • vacuum chamber at 1 x i0 "_ tort to simulate • space

environment. The mating components were torqued to produce an interface

pressure of 300 Ib/In _ at 40"C. This test was conducted to determine if

diffusion bondlng will occur be_ween the highly polished c0mponen_s.

Prior to assembling the tapered Joint, • thin film of diffusion pump ell

was applied to the mating surfaces to act as a mold release. The test was

terminated after accumulating 1002 hours.
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Dismantllng of the tapered Joint was accompllshed with minor

resistance. Stainless steel nuts were use to Jack the simulated condenser

out of the slmulated receptacle. This was accomplished by turnlng one nut'

at a time approximately a quarter of a turn. The pattern in which the

retracting nuts were turned was the standard pattern for nountlng flanges

In which gaskets are u_ed for seals. _':

Five passes around the flanEe were required to remove the simulated

condenser from the simulated receptacle. Inspection of the interface

components indicated that diffusion pump oil was still present in the

_,_,_,,._;_: The-acceptable results round durlng delta-T testln$ and diffusion

for jolnln_ the FHI_ to the TNt. This design also reduces the tiae

requir_dandrisk assoe_atedwt_h_orkinSoutside of the habitatuodulee,

since a thermal compound need noC be applied to the Joint.

6.2.2 Thermal Sum RaeeoeL_l. - Vlek Structure Design ._j_

The wick struc_e desil;n is separated into two sections, The first

section outlines the wick struc_e deSll;n for TSK Concept X, variable

quality vapor out. The second section outlines the wick structure for TBR

Concept II, 100_ liquid in phase - 100_ vapor out phase. _

6.2.2.1 _Ick Structure Design - Conce_t I

The wick structure for the variable quality vapor out TBR focused on

suass, heat transport capactt 7 and fabricabllity. An axial srooved wick

structure was selected am the preferred design. Axial |reeves, 0.15 cm

deep x 0.07 cn wide with • 0.07 ca land. have sufficient capillary punpin_

capability to tr_r_ the required loads ..... ........ _

axial _rooves for the outer cylinder o£ the YSR were extruded

from 1100 aluminum. A draw£n_ o_ the outer cylinder and a photoKraph of

the extrusion are found in Figure _. The axial Krooves for the inner

cylinder were machined from 1100 aluminum. A drawin_ of the inner

cylinder and a photograph of the nachinsd pert are shown in Figure 45.

The inner cylinder was also designed to accept the tapered condenser from

the PHPCP, Figure 46,
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Figure 44, Thermal bum receptacle concept I outer diameter vtck structure
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Figure 45. Thermal bus receptacle concept I inner diameter wick s_ructure
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i _, _ _,. • • •_: - • _ _ _ o

-_.,:_ • In 6_der _6,_Irect _i_ _ Jt_iy "of liquid to the grooves from

 .pply Ii , . e  t   ,tlon plate p a.d the

"!i_der _tal li_er was Si_'d fn _ront of the liquid portion plate axed

:•_, dlrectlya_ainst the axle1 grooves in order to establish a resistance to

the aa_bnia irlo_ as to assure all _rooves are mq)plled with fluid at t_o

_ same time. This resistance to the flow iS needed to overcoum the affects

o£ the earth's _ravicy on the ammonia workin_ fluid. For m space

application, the powder metal wick would not be required. A dravin_ and

a photograph of the liquid distrl_ution plats in the T_ is shown in

Fisure 47. -_

In the actual application, ammonia for the Space Station thermal bus

! will be injected into the TEl throu_ the liquid supply line. The ammonia

will _eed the axial srooves end will evaporate due to the waste heat

&enerated from equipment and experiments attached to the clamp-on cold

plate and FHPCP. The variable quality vapor will exit the T3R via the

condensate return line and reject the waste heat by rsdistiu| to space

from the Space Station radiators.

_ 6.2.2.2 _|ck Structure l)esien - Conce_t I

i

r

The wick structure for the 100t liquid phase in - lOSt vapor phase

out TBR utilizes sintered powder metal and liquid return arteries. The

aintersd powder metal viii only wick in enough fluid to fill the vlck

structure. The wick structure is the same basic design used for the

clamp-on cold plates and PHPCP. A coarse powder circumferential wick was

sintsred to the inside dl-meter of the outer cylinder and the outside

diameter of the inner cylinder. Due to the _eomstry of the plus-in

• •co.ponsnt o_ th,. _ _ l_t,_ v,por ,pace _...prevent,d _,_,.io_

individual arteries for each wick structure. Arteries yore sintered

integral to the coarse circumferential wick on both cylinders. A dravin_

of the TB& Concept II wick structure is shown in Fl_ura _8. Pree|u_e drop

calculations indicate that the wick structure _ sufficient capillary

pumpln_ capability to accommodate the load sharin_ from both the clamp-

on cold plate and FHPCP. _...... :

!%
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Figure 47. Thermal bus receptacle concept I wick structure with liquid partition plate
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Ytgure 48. Thermal bus receptacle concept II vtck act'Uccure! .,+

82
• _r_



iiI

The 100% llquld phase in - 100_ vapor phase out desIEn utilll

llquld reservoir or accumulator to supply liquid to the areas

powder metal wick structure. A liquid level sensor is needed to

the amount of am_onla in the reservoir so that the ammonia flow

thermal bus can be reEulated into the TBR during operation. Two liquid
• '_,!_

level sensors were evaluated for this appllcatlon, a manual sensor and an

automatic sensor. .,- '

Both the manual and automatic options were reviewed and it was

determined that the automatic sensor would not be feasible. Two liquid

level sensor manufacturers were contacted to determine if an automatic

_,_, external ultrasonic homier could detect liquid _nia accurately. Both

ssnufeeeur_re Indicated that due to the lefts diameter of the alunlnum

.i _

structure, an ultrasonic sensor would not operate properly.

The thermal bus receptacle is expected to interface with the main

contractor's automatic level control syste_ currently planned for the

Space Stati0n _her_al bus. T_er_acore therefore utilised a sanual st:mot ,._

eoncept in the fern of a el|hi Ilasn and valve for the prototype thermal

bus receptacle accumulator. This provided level control sufficient to

demonstrate performance.

A powder metal wick structure is needed in the liquid ressrvoir•_to

supply the wick of the heat transfer area with fluid. Fine povder _tal

(-325 mesh) was sintered into the reservoir such that the arteries of the

heat transfer area would be supplied directly. Liquid from the reservoir _

is wicked into the powder metal and drawn into the arteries of the heat

transfer area. :':'

During operation, • pressure differential viii exist between the :._

vapor space, of the heat transfer are8 and the accumulator, The pressuro ......._.

differential is due to the vapor pressure of ammonia being higher in the

heat transfer _rea than the accumulator. This pressure differential will

restrict liquid ammonia flow into the wick structure. To condensate for

the pressure differen:lal, a pressure equalizing tube was incorporated

into the design. The tube was positioned between the vapor cavity of the ,_ !

heat transfer a_ea and the vapor cavity of the accumulator. FIEure 49 _ ._;i _

illustrates the accumulator with the pressure equalizing tube and wick _

structure.
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6.3 THERMAL BUS RECEPTACLE FABRICATION " '.... _

:,Thermal bus receptacles Concept X and II_vere fabri

to the deslgn parameters_l£stedilnTable 12, -_ "_: _!:

TABLE 12. DeJlgn Parameters _for TBE Concept

|

TBE _ I (VAEIABLE
PARAMETEr. 0UALITT VAPO_ OUT_

Diameter 7.62 ca

_ .....1_orkin$ Flu[d :•.... :AmsonJ_

_ccordin

7.62 cm

_8.89

A_enia

_lck Structure

• o, _ _ :

No, Areerles

Axial Grooves PowdeE Metal

i

Liquid Supply

Line Diameter

Condensate Return

Line Diameter

1.09 cm ID

1.57 cm ID

3606 graa_

1.09 cm ID _

1.5_ cm ID (vapor),

O.&9 ca (llqu£d)

&909 5:ams

:g_,

..v,

i
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Both TBR designs were fixtured with aluminum and "

mounting flange _, These flanges serve to connrct the;condenser of the

F_CP to the inner cylinder of the TBR. The flanges were designed with

(8) holes/so that an even:torque could be applied _en"_asaembling

the components. From the tapered Joint geometry designed "'_': _ "_prevJ.ously,_ a

200 Ib/In 2 contact pressure is required to obtain the lowest interface

delta-T. This translates into 71 In-lbs torque per bolt for the flange.

The 100% liquid phase in - 100% vapor phase out concept has two

condensate return lines. A 1.57 cm ID vapor return llne is positioned

145" from the top of the TBR horlzontal position as tasted on earth. A
;#

5re_ linb l_ positioned 180" from she previously

i!i_ orated reference. The liquid roeurn line is added to the lOSt vapor out

ea|b liquid aanonia ovorflova through the pressure equalizing

tube into the hast transfer area. Through experimental work with the

liquid level .sensors and solenoid valves as supplied by the thermal bus

contractor, a liquid flow |oquanco can be established much that this

overflow should not occur.

A drawing of TBR concept I and a photograph is ahom_ in Figure 50.

A drawing of TBR Concept II is shown in Figure 51. The structural

integrity of the TBR's was verified by hydrostatic testlng. The

hydrostatic test pressure was 1.5 times the maximum allowable working

pressure of ammonia at 40"C (225 psi). A complete structural analysis of

the TBR'e was supplied to NASA personnel (R. Long) on April 14, 1988.

6.4 TEST MATRIX. THERMALBUS RECEPTACLES

The performance of the thermal bua receptacles was verified by test.

Each TBR was consolidated with a clamp-on cold plate and FHPCP.

• ,i ._
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FLgure 50. Thermal bus receptacle concep c I assembl 7
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. 6.5 TEST I_OCEDURE _ :_ • .....

A slNulated Space s_-tt0n_h_rnal bus Wii:desl_d and fabricated

characteristics, 'of' t_he T_'s !under _load.,,. This _a_o

•mgnetlcally-coupled gear pump to supply liquid a_moni• to the TBR.

test •pparat_us, shown in FIEures 52-53 uses an ammonia accumulator that

was subcoolod with • =e_hanol/dry ice pumped loop. The vapor condenser

was cooled wi_h an ice wa_er pumped loop. This produced • delta-T and

pressure differential between the pump loop condenser and r_he accumulator.

This pressure dlfferen_lal was required so _ha_ the liquid an--onla could

, be :Supplied to tha pump evenly and reduce pump cavitation.

A powder me_al filter was inserted in the liquid supply line before

 oo.. o ..lu p dar pertlcle, fro.
entering the pump. The liquid return line was •dried to the apparatus for

T_R Concep_ II _o remove liquid that entered the heat transfer •re•

through the pressure oqualizin_ tube.

The entire hse_ _rans_er packaSe which includes the hardware built

in Tasks 1-5 was assembled and _eeced to de_ormtraCe the lnte_racion of

these modular heat transfer d_vices to _he Space Station thermal bus.

Thermal bus recepCacles were in.erred in_o a simulated Space S_aelon

_hermal bus liquid supply line. A clamp-on cold plate was _ounted on the

outside cylinder of the TBb and a FHPCP was ir_erCed into the inner

cylinder.

The interface _diun be_een the clmp-on cold plats and Yl_'a was _::

F_erson and Cummings TeA thera_l 8rease. The condan_er of v.ha FIIPCP vael .i_

coated wl_h • film of diffusion pump oil to aid in rotrac_ln_ _he "

condenser following the test. ,.

a cons_an_ ra_e. Power was applied _o _he plug-ln or clamp on assembly

until • s_eady s_a_e condition existed in _he TBR. The data was recorded

and _he power was increased. Testing was Eermlna_ed when the _:empera_ure

of _he TBR reached _he pressure llmlta_ion of the liquid ammonia 'on _he

TBR wall (55°C).
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;_°"_ TBR_Co_ept ZZ util£z'ess a rese_7oir to 8nnonta to the

rick =truct_Lre _of the'heat transfer area. The of liquid:umonia

....varied '_ .......... " ' '__'_.......between t_o set points. _ The high set _ "_ _'_ " ' :__-_ _point.was belay the entrance

to th• :p=essuro equalizing tube ;_ _ The lay set:. point vaa

approx_tely,O:635 ca from the bottom of the reservo_r.-_ utd

':_'_ l• dr•_n ln_'the heat transfer are•d: the level vould decrease

: lay sac poinC_ the valva yam opened and mania allovea Co

ress_oir Up _o the high set point. The valva v•• then cl0"s•d', 'the

cycle yam reputed until the conclusion of the test. The elapsed tins

baleen the level reaching the low set point and opening the valve was

dependent upon the heat load to be rejected. X liquid level"se_or

_tt_Jte r•d0rVOlr would _utouatically open and close the valve

_tli_"_'il_a. The TBR would utilize the primo

contractor's l_quid level sensors.

_?

During the accumulator filling sequence, the paver v•s applied to the

plug-in or clasp-on assembly until • steady state condition existed for

the TBR. The data yam recorded and the paver increased. Tsstins yam

terminated vhen the tenpsrature of the TB_ reached the pressure liaitation

og the liquid an_onta on the TBR vall (550C)

L_

.:_,; --.:

L

6.5 RESULTS AND CONCLUSIOHS, THERMAL BUS RECEPTACLES

The test results for the performance testing of r.ha TSR Concept lare

shown in Figure 5&. The figure plots paver versus delta-T _or the TBR

£1ov through design. The paver yam applied to the TBR°8 by consolidating

the FHPCP and clamp-on cold plates to the TBR. The performance delea-T

is the temperate•re differential between the average FHI_P or clamp-on cold

plate evaporator temperature and the TBR vapor temper•Sure.

total delta-T limitation. The low heat transfer capability is duo to a

large interface delta-T between the clamp-on cold plate and the TBR and

the F}tPCP and the TBR. The interfaces did not hatch as closely as

required resulting in a high interface resistance and correspondingly high

delta-T. In order to achieve a low thermal resistance the interface must

be machined to tighter tolerances and then highly polished.
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:' it can be seen _hat the heat troffer capablil_g o_ the_cl_aap-on cold :-

plate to the TBE and the FKPCP Co the TBR is much _;'_::'_-:_"' '" ;_
lower _predicted. _ _:

_::/ The lower than expected results •re due to inadequate control over the .:
. _,_

i reservoir level during testing. If the ammonia in the reservoir was

&1lowed to ,drop below th• &Lyon set point, the wick structure will dry

_' ._35W'r_l_-on eoI_ pl•te vat tested individually and r_e results are

: ' shown in Figure 58. Clearly, _he control over the liquid estonia level

in the reservoir is improved. A 750 watt heat transfer capability was

achieved corresponding to the 10"C delca-T llmltatlon. Thl8 h_e•t transfer " •

capabili_y/dalt•-T limitation is in agreement vleh the perfo_•nee data

for the 30 cm x 30 cm ammonia clamp-on cold plate tested in Task 3. These

data also show a low interface resistance between the mating components.

Individually testing the FHPCP did not yield any improvement in

performance over the data presented in Figure 56. Analysis of the data

indicates that • large interface delta-T was present between the mating :

components. Again. this would cause a drop in heat transfer capability

between the FHPCP and TBR. _

The FHPCP was removed from the TBR and a tapered tenderiserwas bolted

into place. The tapered condenser was instrumented with • 1.27 cm,

2000 watt cartridge heater which was inserted down the center of the

ndenser. _e tapere_ con_n_enser/cartrld_r arrangement was

inserted to de_ermlne if a lower thermal resistance was achievable with

a different condenser than that of the FHPCP. Figure 59 shows the

performance data from this test. It is evlden_ that the condenser surface

finish better matched that of the surface finish of the the FHPCP

condenser. The data also suggest that the TBR vlth • reservoir design is
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i___.-_,_._._ :: __:i_ _

ferrlng ate:least _1250 N from the clamp-on"_

lles, "as_lo'ng as there r-Is: :StriCt control over the

' in-_the reservoir. -_. ''_ / _ _,". ::;':=_..

6 _ CONCLUSIONS BUS RECEPTACLE . _r.

.,$,,.,Both TBR desl pable'of transferring the waste

:Z' the cl ._m_-on or'plug-ln-ass_mblles to the thermal bus

o_:, Strtc_ control over the ammonia liquid level in the reservo:

,_. _,...,..o_ TB_ II is essential to provide uniform hea_ reJ

ur'£aces' and surface finishes are _e'_hired

be_e_'matT/_g _bmponent, in order to reduce the interface

resistance and d$1ta-T. ,_.-_-.,._.:-,-_.-

RECOMMENDATIONS: _t_AL BUS RECEPTACLE .i_.....

• Future TBR t_eslEr_ with • reservoir should include a'°liquid

,_." , ""level sensor and'_olenoid valve to provide tighter control: over

'ths liquid ammonia level. _ ' ,_'_

Puture fabrication of the heat transfer package (clamp-on cold

plate, flexible heat pipe cold plate and thermal bus receptacle)

should include a procedur, to conduct a final machining and'

:polishing of the mating components after component fabrication.

I00
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!'CONSOLIDATION OF HEAT ACQUISITION-HEAT TRANSFEE"SYS_

_The objective of this task was'ito -assemble _he_h.ardware!-built and

tes ted_ndlvldually and to.consolldate _lm hardware to demonstrate a to_alT

heat transfer package. ;:The demonstration of the hardware consollda_ion

wa_.luccesszul.:._.. Two thermaz l_US_receptaclee were deslrned to'_acc6mmodate

The requlrements for "1_h. •total heat _ransfer package are shown

7.1 REQUIREMENTS, CONSOLIDATION

The requ/=eunts for _he _otal heat transfer conso

TABLE 15.
Consol•tdatton o_ Heat Transfer Package Requlrements'i_ .

FLEXIBLE -_""

CLAMP-ON HEAT PIPE THERMAL gUS

Mass Minimize Minlalze

Opera,in&
Temperature

('C)

Dimensions

(ca)

Minimize ,._..-

7.62 di_eter

0 - 40 0 - 40

30 x 30, 2.54
30 x 30 dla holes

30 x 60

30 x 90 30 x 30, 1.58

dia. holes

Temperature

Drop ('C) 8 - I0 8 - i0 _..

To_al Power

(N) 2000 - 3000 >I000 Maximize
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.7_.2" RESULTS AND CONCLUSIO}_S, CONSOLIDATION . '_:z-_-_ ._: '".

__ The total heat transfer package was consolidated and tested in
-4 -" :.

Task 6 in order to verify the performance of the thermal bus receptacles; ' ,_.,,

Consolidation testing with the flow through TBR yielded a 175 watt heat :":

transfer capability which was limited by the 10"C maximum delta-T '_.!

requirement. The low heat transfer capability was caused by a, large ";:J;":_

interface delta-T between the clamp-on cold plate and the TgR_and ithe :a_+

FHPCP and the TBR. :*i'_,_ :,_! _"

Consolidation testing using the TBR with .a reservoir yielded a I00
•-' .

'_,_ watt heat transfer capability with the FHPCP and a 250 watt capability

the clasp-on cold plai tormInated because the clamp-

tewereture limitatL0_. The

control over the reservoir level

during testing. If the ammonia in the reservoir falls below the mlnimu_

set-polnt, the vlck structure wil_ dry out and reduce the heat transfer

capability.

Individual te_ting of the FHPCP and clamp-on cold plato with the

reservoir TBR was conducted to determine If better control o_r the

ammonia level was achlev_ble. Individual tost_n s of the cl,wp-on cold

plate reaultod in a 750 watt heat transfer capabil/tycorrespondin_ to the

IO'C maximum delta-T limitation. .__,

Individual testing of the FHPCP did not improve the test results.

A laras thermal resistance between the FHPCP tapered condenser and TBR was

the cause of the low heat trensfer capability. The FHPCP was moved and

• tapered condenser only yes inserted into the reservoir T3R. The

condenser was instrumented vlth • 1.27 cm di--etor, 2000 watt cartridge

heater. Testing, yielded . a l000_.yatt heat transfercapabillty which ..................

corresponds to a 10"Cmaximumdelta-T limitation. It is apparent that the

surface finishes of the mating components matched well resultin_ in a

lower Interface delta-T.

.:i
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;, The result=

4

;e consolidation tests are sun_a

TABLE 14, Consolidation Test ltesults
. ._. _- _._ • .

'-_ MODUIAR ASSEMBLy "-_:

"-: _ "._ _'_ . _'_'.'...' _-'.._
_" _':_,.Clamp-On Cold Plate, FHPCP

L

_, e_ T_mSr_ CO_S_m_ _
TO_- IO'C VELTA-T L_Z;^;ZOSi_

_r

7.2.1 Flow Yhroush Cold Plats

As an additional Cask, • hsrmacore combined

100;_
250,

7_0

- r

I000

the -:technolo

developments of the clamp-on cold place, FHPCP and T_ auemb]

:. fabricated • flow through cold place. The flow through cold plata uses :_::

the wick structure developed for the clasp-on cold plate; _he_:!•rte_ and

vapor core manifold developed for the FHPCP; and _he varfahle" qualicy_

vapor out characteristics from the flow through TEE.

The flow through c01d plate shown in Figure 60 1; assembled

into the Space iSCation thermal bus similar to the TEE. The l-lquid supply _i

line is integrated directly Ante the artery manifold where the li,

_._/amsonia is supplied Co the powder m_Cal wick. The power £s input on 'the

top of t_e .c01d - place. The heat input Is Cransf_erre d into she S ,ace

Station radiators throu_,h t_,o re_ lines; one for vapor and one for

liquid. The result is • hli_h performance, lishtwei_ht heac._tran_fer

device Co reject waste heac from equipment and experiments.. "_-_, ; _

Test data indicates the flow throush cold place carried i3000 watts

with a <l*C delta-T, The test was terminated when the heater capacity was

reached. _-
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Figure 60. Flow through cold plate design
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